An ultrasound assisted Fe(II)-activated persulfate oxidation method was put forward to improve the dewaterability of drilling sludge in this research. The water content in the filter cake and specific resistance to filtration (SRF) were measured to evaluate the sludge dewaterability. Volatile suspended solids (VSS), transmittance of supernatant, microstructure, particle size distribution and zeta potential were tested to justify the proposed mechanism. The results showed that appropriate ultrasound assisted Fe(II)-activated persulfate oxidation could not only further enhance the sludge dewaterability but also reduce the reaction time as well. The optimal conditions for this method were 1.6% sodium persulfate, 0.8% ferrous sulfate, 40 W ultrasonic power and 45 min reaction time. Reduction of VSS and an increase of transmittance were further achieved compared to oxidation alone. SEM results and the decrease of particle size after the treatment confirmed the disintegration of sludge flocs, which promoted the release of bound water. A synergistic effect mechanism of ultrasound and chemical oxidation was proposed, with ultrasonic cavitation disintegrating the flocs, exposing the interior organics and persulfate further oxidizing the released organics.
Introduction
Nowadays, as drilling depth increases, great quantities of organic polymers, such as carboxyl methyl cellulose, polyacrylamide and modied cellulosic polymers, are applied in water-based drilling uids to improve the oil extraction efficiency and decrease the uid loss.
1 However, this process produces a large amount of drilling sludge, which is potentially toxic due to the presence of heavy metals 2 and poses a threat to the adjacent environment. The harmless treatment and disposal of drilling sludge is an immediate requirement. 3 The dewatering of drilling sludge is an important step during harmless disposal processes. Since drilling sludge is generally a stable suspension composed of clay and organic chemical compounds, its dewaterability is poor. 4 Physical and chemical conditionings are widely used to enhance the dewaterability of sludge.
According to the literature, various methods have been put forward to improve the sludge dewaterability.
5-8 Thermal hydrolysis has been conrmed to improve the lterability of municipal sludge and facilitate dewatering. 9, 10 Freeze-thaw treatment could be considered concerning sludge dewatering in cold and remote regions.
11 Ultrasound conditioned waste activated sludge dewaterability was studied with various energy dosages and the results show that there is an opposite effect on sludge dewaterability as ultrasound power increases.
12 Acidi-cation enhances the dewaterability of oily sludge by changing the oc structure. 13 Advanced Oxidation Processes (AOPs), based on the generation of highly reactive chemical oxidants such as hydroxyl radicals in Fenton (Fe 2+ /H 2 O 2 ) process and sulfate radicals in Fe(II)-S 2 O 8 2 oxidation process, degrade organics in the sludge from large molecular sizes into smaller sizes and oxidize them in a short time. 14, 15 The mechanism of most of these approaches are disruption of the sludge ocs and solubilization of the exposed organics. With the disintegration of sludge oc structure, the release of bound and interstitial water trapped between ocs could be facilitated. 16 In recent years, combination of different pretreatment methods have attracted much attention, 17 among which ultrasonic treatment and advanced oxidation technology are considered as promising methods.
Ultrasonic cavitation can lead to high shear forces and extreme conditions in micro-regions with estimated temperature as high as 5000 K and pressure up to 1 Â 10 8 Pa, generating hydroxyl radicals and resulting in acceleration of chemical reactions and sludge disintegration. 18 Several reports have showed that ultrasonic pretreatment has both positive and negative inuence on the sludge dewaterability. Na et al.
pretreatment, but the sludge dewaterability markedly deteriorates and the water content increases with ultrasonic power. Feng et al. 12 concluded that low-energy dosage can enhance sludge dewaterability in terms of capillary suction time and specic resistance to ltration, while high-energy dosage has opposite effect. The optimal energy dosage is 800 kJ kg À1 total solids during ultrasonic treatment. Traditional AOPs, Fenton and Fenton-like technology, have been extensively investigated for dewatering of sludge. [21] [22] [23] The Fenton oxidation is the reaction of H 2 O 2 and ferrous iron under acidic conditions, generating hydroxyl radicals. 24 However, the strong acidic condition limits the application of Fenton reagent. Subsequently, Fe(II)-activated persulfate oxidation is used to condition waste activated sludge, the mechanism of which is based on the generation of the sulfate radicals, 20 which still have high oxidizing potential at neutral or alkaline environment. 
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Despite the extensive work researchers have done up till now, the above-mentioned methods are mainly used for waste activated sludge or municipal sludge, treatment of drilling sludge has hardly been discussed. In the present work, the use of Fe 2+ / S 2 O 8 2À oxidation in combination with ultrasound for the treatment of drilling sludge has been done for the rst time to the best of our knowledge. The effects of sodium persulfate and ferrous sulfate concentration were studied to obtain the optimal conditions for sulfate radical oxidation. Aer that, the impact of ultrasound was studied under the optimal operating conditions. The water content and specic resistance to ltration (SRF) were measured to evaluate the sludge dewaterability. Besides, volatile suspended solids (VSS) and transmittance of the supernatant were tested to characterize the change of organic matter in drilling sludge. Furthermore, microscopic structure of sludge, zeta potential, and particle size distribution were tested to analyze the physicochemical properties of oc and address the possible mechanisms of drilling sludge dewatering.
Materials and methods
Materials
The drilling sludge was obtained from an oil eld located in northeastern China. It has dark brown color and poor settleability. The basic characteristics of the sludge were analyzed in Table 1 . Sodium persulfate and ferrous sulfate were analytical reagents, which were purchased from Yuanli Chemical Reagents Co. (Tianjin, China). The chemical reagents were used as received without further purication.
Orthogonal experiment
The optimal conditions were determined by the orthogonal experiments with the value of water content of lter cake as the target index. Sodium persulfate concentration, ferrous sulfate concentration (the units of the chemical dosage are calculated based on the weight of the dried sludge, for example, 0.8% g g À1 sodium persulfate means the weight of the added sodium persulfate equaled to 0.8% of the dried sludge), stirring speed and reaction time with three levels were chosen in the orthogonal experiments (see Table 2 ).
The order of the inuence on SRF, according to R-value, was: sodium persulfate concentration > ferrous sulfate concentration > reaction time > stirring speed. Furthermore, from the analysis of variance for orthogonal experiments in Table 3 , the order of sum of the deviation square was the same as that of Rvalue: sodium persulfate concentration > ferrous sulfate concentration > reaction time > stirring speed.
Experimental procedure
A series of tests, sulfate radical oxidation and ultrasound assisted sulfate radical oxidation, were conducted in the 150 mL beakers with 50 mL (the density of the sludge is 1.19 g mL À1 , which means the weight was 59.5 g) sludge sample. The effects of sodium persulfate and ferrous sulfate concentration, reaction time and ultrasonic power on dewaterability of drilling sludge were investigated. As acidic condition leads to serious corrosion of equipment, the study was conducted at its inherent pH. For sulfate radical oxidation treatment, the effect of sodium persulfate and ferrous sulfate concentrations were evaluated while the concentration of ferrous sulfate and sodium persulfate were kept at 0.8% g g À1 and 1.6% g g À1 , respectively. A specied sodium persulfate was added into the sludge samples, and the reaction was initiated immediately aer adding an appropriate amount of ferrous sulfate into the samples. Then the sludge sample was continuously agitated at 300 rpm for 45 min. Aer the treatment, the sludge sample dewaterability was measured. For ultrasound assisted sulfate radical oxidation treatment, a low frequency ultrasonic apparatus (KQ-100VDE, Shumei, China) was used, and the frequency was xed at 20 kHz. The impacts of the ultrasonic reaction time and power on sludge dewaterability were investigated as follows. Sludge samples were transferred to the ultrasonic apparatus, following which sodium persulfate and ferrous sulfate dosage of 1.6% g g À1 and 0.8% g g À1 were respectively added to the sludge samples. Then ultrasonic irradiation exposed to the sludge samples immediately. At the same time, the sludge samples were continuously agitated at 300 rpm for the desired reaction time. Similarly, sludge dewaterability was analyzed aer the conditioning. All the tests were performed in triplicate, and the average values were reported in this paper. The average temperature of the drilling sludge during the US treatment varied between 25 and 40 C.
Analytical methods
The SRF and water content were chosen as the indicator of sludge dewaterability. 28, 29 The Buchner funnel method was used to measure the SRF. The ltration was performed under vacuum 0.1 MPa until no ltrate owed out in 1 min, thus the SRF was calculated by the following equation:
where SRF is the specic resistance to ltration (m kg À1 ), P is the ltration pressure (N m À2 ), A is the lter area (m 2 ), b is the slope of the ltrate discharge curve (tV À1 versus V) (s m À6 ), m is the ltrate viscosity (N s m À2 ), w is the weight of cake solids per unit volume of ltrate (kg m À3 ).
When the ltration process nished, the lter cake was removed, weighed and dried at 105 C for 24 h to determine the water content, using the following equation:
where W 1 is the weight of wet lter cake aer ltration, and W 2 is the weight of lter cake aer drying at 105 C for 24 h.
The basic characteristics of drilling sludge, including water content, pH and volatile suspended solids (VSS), were analyzed according to CJ/T 221-2005 (China standard for sludge analysis). The sludge viscosity was measured using a rotational viscometer (NDJ-8S, Nirun, China). The supernatant of collected ltrate was ltered through microporous membrane before analysis, and its transmittance was determined using a spectrophotometer (723, Jinghua, China). The morphological character of the conditioned sludge was observed with a microscope (CX41, Olympus, Japan). The sludge surface morphologies of different treated sludge samples were monitored with a scanning electron microscope (S4800, Hitachi, Japan). The test samples were frozen and vacuum dried prior to observation. The zeta potential was tested using Zetasizer Nano ZS90 (Malvern, UK). The particle size distributions of drilling sludge were analyzed by a laser diffraction particle size analyzer (Mastersize 2000, Malvern, UK) aer dispersing drilling sludge samples in distilled water. persulfate oxidation, so the increased sodium persulfate concentration would produce more radicals. However, the dewaterability would remain unchanged when the sodium persulfate concentration was over 1.6%. This might be due to the insufficiency of ferrous sulfate limited the oxidization process.
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Sulfate radical oxidation process promoted the hydrolysis of recalcitrant organic substances in the sludge, resulting in the variation of volatile suspended solids and transmittance of the supernatant. Fig. 2 shows the effect of sodium persulfate concentration on the VSS and transmittance during sludge disintegration. The VSS in the sludge decreased rapidly from 8798 mg L À1 down to 5988 mg L À1 when sodium persulfate concentration increases from 0.8% to 1.6%. The higher concentration of the treating agent did not achieve more VSS removals when it exceeded 1.6%, this result is consistent with Zhen et al. 34 It implied that the oxidation system accelerated the volatile solids destruction and hydrolysis. The curve of the supernatant transmittance displayed an opposite trend. The increase of transmittance was attributed to the degradation of organic pollutants in the solution. Fig. 3 presents the effect of ferrous sulfate concentration on the sludge dewatering. As an initiator, ferrous sulfate had a signi-cant inuence on the value of water content and SRF. The water content decreased from 34.73% to 30.81% with ferrous sulfate dosage rising from 0 to 0.8%, but tended to increase when ferrous sulfate dosage exceeded 0.8%. The lowest water content was achieved at 0.8%. The variation trend of SRF was different from water content. With ferrous sulfate increasing from 0 to 1.6%, the value of SRF declined obviously and tended to stable. The value of SRF reduced from 2.97 Â 10 13 m kg À1 to 1.07 Â 10 13 m kg À1 . The improvement of dewaterability probably was caused by Fe 2+ activated sodium persulfate, and the produce of sulfate radical could change sludge ocs structure. However, the excess ferrous sulfate deteriorated sludge dewatering by quenching sulfate radical through (eqn (4)). 
Effect of ferrous sulfate concentration
To further evaluate the inuence of ferrous sulfate on sludge characteristic, VSS and transmittance of the supernatant were also analyzed as shown in Fig. 4 . The VSS of sludge decreased to a minimum at rst and then increased with increasing dosage of ferrous sulfate. Conversely, the transmittance of the supernatant (which optimal transmission wavelength is 660 nm) rose rapidly when the ferrous sulfate concentration is lower, but later this tendency was reverse when the ferrous sulfate dosage was added over 0.8%. The phenomenon indicated that there was a threshold concentration of ferrous sulfate during sludge disintegration by sulfate radical oxidation. Therefore, excessive ferrous sulfate could not result in improving the release of the water trapped among organics. Fig. 1 Effect of sodium persulfate concentration on sludge dewaterability (except the blank sample points, the ferrous sulfate concentration is 0.8%). 
Effect of reaction time
The degree of oxidation of drilling sludge was also decided by reaction time. The effects of reaction time on the sludge dewatering are shown in Fig. 5 . The water content and SRF decreased at rst and then tended to be stable with reaction time increasing. When the reaction time was 15 min, the reduction of them was larger, and the change was little aer the reaction time reached 45 min. It was likely that the reaction rate of sodium persulfate and ferrous sulfate was relatively large in the rst 15 min, so there was a signicant decrease of water content and SRF. Aer 45 min, the sulfate radical oxidation had reached equilibrium.
The effect of reaction time on VSS and transmittance of the supernatant is shown in Fig. 6 . Within rst 15 min, ferrous sulfate and sodium persulfate reacted rapidly to form sulfate radicals, and the organic matter in the sludge was oxidized and degraded. Consequently, the VSS decreased markedly and transmittance of the supernatant increased signicantly. Aer 45 min, there was no obvious change with the extension of reaction time. The results further indicated the oxidation reaction had reached equilibrium.
Effects of ultrasound assisted sulfate radical oxidation
The ultrasound assisted sulfate radical oxidation was performed at ultrasonic power of 0, 40 and 80 W in the time ranged from 0 to 75 min, the concentration of sodium persulfate and Fig. 3 Effect of ferrous sulfate concentration on sludge dewaterability (except the blank sample points, the sodium persulfate concentration was 1.6%). Fig. 4 Effect of ferrous sulfate concentration on VSS and transmittance (the sodium persulfate concentration was 1.6%). Fig. 5 Effect of reaction time on sludge dewaterability (the sodium persulfate concentration was 1.6%, the ferrous sulfate concentration was 0.8% and the stirring speed was 300 rpm). ferrous sulfate were xed at 1.6% and 0.8%, respectively. Fig. 7 and Fig. 8 show the effect of reaction time on sludge dewatering. The water content and SRF had the similar variation trends as the reaction time increased. the ultrasonic reaction time, the sludge dewaterability began to markedly deteriorate. The results indicated that there was an optimal ultrasonic energy level to improve sludge dewatering and reduce reaction time during the ultrasound assisted sulfate radical oxidation, and the high energy dosage has no benecial effect on improving of dewaterability. It means the high energy inputs not only accelerate sulfate radical oxidation and disrupt oc structure but also reduce oc size. The small particles provide large surface area for absorbing water, 36 leading to deterioration of sludge dewaterability.
The inuence of ultrasound assisted sulfate radical oxidation on the sludge disintegration in terms of VSS and transmittance of the supernatant are shown in Fig. 9 and 10 . The VSS of the sludge decreased with prolonging reaction time and rising ultrasonic energy by both sulfate radical oxidation and ultrasound assisted sulfate radical oxidation. The ultrasound irradiation resulted in more reduction of the VSS concentration. As shown in Fig. 9 , the sludge disintegration by both processes was very fast in the rst 15 min, and then the velocity decreased with time. The minimum value of VSS was 5973 mg L À1 at 75 min of reaction time without ultrasound treatment, and the reduction of VSS was 40.15%. Whereas under the same condition, the VSS for ultrasound assisted sulfate radical oxidation reached to its minimum of 5290 mg L À1 while the ultrasonic power was 80 W, and the reduction rate of VSS was 46.99%. In these two processes, Fe(II)-activated persulfate oxidation played a major role in sludge disintegration. During the ultrasound assisted sulfate radical oxidation, ultrasound produced hydroxyl radical and provided local extreme conditions, which further promoted the oxidation reaction. The mechanism of ultrasound and sulfate radical oxidation on the decreasing of VSS are different. For ultrasound, high speed microjet were generated to shear the sludge physically so that the structures of ocs can be collapsed. 37 The organics inside the ocs were thus exposed, broken into smaller volumes and in the meantime, transferred to the solution if soluable such as hydrophilic Fig. 7 Effect of ultrasound assisted sulfate radical oxidation on water content. Fig. 8 Effect of ultrasound assisted sulfate radical oxidation on SRF. ones. 38 While during the sulfate radical oxidation process, the organic carbons in sludge oc were decreased due to the chemical oxidation.
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Fig . 10 shows the transmittance of the supernatant was obviously increased with the rising reaction time for both pretreatment, and it changed slightly when the reaction time reached to 45 min. Ultrasonic coupling could further increase the transmittance and decrease the time required for equivalent effect by individual sulfate radical oxidation. Dissolved organic matter in the supernatant was further oxidized, resulting in the enhancement of transmittance.
Energy consumption
The optimal condition is 1.6% sodium persulfate, 0.8% ferrous sulfate, 40 W ultrasonic power and 45 min reaction time. The ultrasonic energy consumption is around 0.5 kW h per kg of removed water and the sodium persulfate and ferrous sulfate with low price for the industrial grade can be reused in the industrial process. We compared with the energy consumption results with other results reported in literatures for different assisted conditioning (or hybrid) methods. 39 For thermal drying, the energy consumption is around 0.616 to 1.2 kW h per kg of water removed.
5 Electro-dewatering (EDW) is an alternative emerging and energy-efficient technology that provides improved liquid/solids separations in the dewatering of wastewater sludge. Mahmoud demonstrated that to achieve a dryness fraction of 50%, the optimum EDW process had an energy consumption of 0.30 kW h per kg of water removed. 28 In this research, we achieve a dryness fraction of 70% with the optional condition, which ultrasonic energy consumption is around 0.5 kW h per kg of removed water. Thus, the optional condition in the energy consumption for our research can be acceptable.
3.6. Variation of sludge properties 3.6.1. Microstructure of sludge. To intuitively illustrate the possible dewatering mechanisms, oc morphology and surface morphological structure were characterized. Fig. 11 provides optical microscopic observations of raw sludge and conditioned sludge by different pretreatments. The morphology of raw sludge (Fig. 11a ) was large and loose oc matrix, which appeared dark brown, and organic polymers bound adjacent particles, causing steric stability of sludge. A part of water would be wrapped in the oc matrix. Fig. 11b presents the sludge treated by ultrasound alone. Ultrasound treatment broke the ocs to a certain extent, but the color of sludge ocs was still dark brown without signicant change. The result indicated that there was no obvious effect on sludge oxidation only under the ultrasound conditioning. Aer the Fe(II)-activated persulfate oxidation (Fig. 11c) , sludge oc matrix became dispersed, and most of junction structure between ocs collapsed. Besides, the conditioned sludge exhibited brick-red, because organic matter of sludge was degraded during the oxidation process. The sludge treated with ultrasound assisted sulfate radical oxidation is shown in Fig. 11d . The ocs were further broken into fragments, and the inorganic level of sludge was increased. Compared to the Fig. 11c , ultrasound performed a synergistic impact on the completed disintegration of sludge ocs. Fig. 12 displays SEM images of typical ocs before and aer different pretreatment. The variation of surface morphological structure has close relation to the sludge dewaterability. The raw sludge presented clusters structure with rough oc blocks and ake like surface (Fig. 12a) . Aer the ultrasound conditioning, the surface of ocs became smooth slightly, but failed to show signicant impact (Fig. 12b) . Fig. 12c shows ake like structures mostly disappeared and were instead of irregular ones by sulfate radical oxidation in the absence of ultrasound. Flake like structures almost entirely faded away aer treatment with the combined methods (Fig. 12d) . The remaining rigid lattice structure could provide unblocked outow channels for water release, which was benecial to improving sludge dewatering. 3.6.2. Variation of particle size distribution and zeta potential. In order to further reveal the disintegration of sludge ocs, the variation of the cumulative particle size distribution of untreated and treated sludge is shown in Fig. 13 . The size distribution of raw sludge had a broad range, and the mean particle size was 11.4 mm. Aer conditioning under the three different processes, the amount of large ocs all decreased to small ones. In contrast, the particle size of sludge only changed slightly with conditioning of Fe(II)-activated persulfate oxidation, and the mean particle size decreased from 11.4 mm to 10.7 mm. This result was attributed to the two conicting processes: the oxidization of ocs by the generation of sulfate radical would disintegrated the ocs into smaller particles, while the presence of Fe 2+ could neutralize the negative charge, resulting in oc aggregation, which counteracted to the effect of disintegration. In the case of ultrasound treatment, the mean particle size was 4.3 mm and decreased by over 62%. The great reduction rate of particle size was caused by ultrasonic cavitation mentioned above. Ultrasound assisted sulfate radical oxidation had a further impact on the decrease of particle size, and the mean particle size was measured at 1.3 mm. The obvious increase in the number of small particles indicated that ultrasound assisted sulfate radical oxidation could efficiently facilitate the disruption of sludge ocs. As a result, the oc structure transformed into a small and compact form and the bound water was released, leading to the improvement of sludge dewaterability.
Fig. 14 presents the zeta potential of sludge before and aer the treatment. The original value of particles zeta potential was À23.2 mV. Aer the Fe(II)-activated persulfate oxidation treatment, the zeta potential increased sharply to the value of À0.5 mV, since the cations from the reaction system neutralized the negative charge of sludge by providing positive charge. The presence of ultrasound would decrease the zeta potential of sludge. Aer the treatment with ultrasound alone, the zeta potential declined from À23.2 mV to À36.7 mV. Similarly, the zeta potential decreased from À0.5 mV to À18.5 mV with the combined pretreatment. As ultrasound treatment could disintegrate the ocs and expose more surfaces, and plenty of inaccessible charges in the oc interior would emerge, then a rise of negative charges displayed. 40 Mohapatra et al. 41 also reported that higher negative zeta potential would be observed aer the ultrasonic pretreatment.
According to the DLVO theory, lower zeta potential can lead to bigger repulsion in the sludge. 42 Thus, the sludge colloid system can be more stable, which goes against with the efficiency of precipitation and ltration process. On the other side, higher repulsion will promote the shearing effect of ultrasound pretreatment, which will release the bound water in the sludge. 15 
Mechanism of sludge dewatering
Based on the change of sludge properties mentioned above, and inspired from some researches, 43, 44 the mechanism of improving dewatering by ultrasound assisted sulfate radical oxidation was depicted in Fig. 15 . Since the surrounding liquid is cool, the heat is highly localized to a 'hot-spot' that can reach temperatures and pressures of around 5000 K and 1000 bar, respectively. 45 Localized high temperatures and pressures from ultrasonically produced cavitation result in homolysis of the O-O bond producing sulfate radicals. At the same time, the sound energy can be transformed to heat energy with ultrasound pretreatment, which can promote the activation of sulfate radicals. Aer that, more sulfate radicals can be generated and the sludge can be collapsed by chemical oxidation. Besides, persulfate sulfate radicals will be activated with ferrous ion and ultrasound, and the sulfate radicals can break the oc chain, releasing the bound water. In addition to the process mentioned above, the presence of Fe 2+ neutralizes the negative charge, resulting in oc aggregation, forming a permeable and rigid lattice structure as well as altering the sludge compressibility by remaining porous, 44 which facilitates the dewatering process and signicantly reduces the SRF. Thus, we can conclude that the ultrasound and Fe 2+ /S 2 O 8 2À have synergistic effect on the dewatering process of drilling sludge. Aer the ultrasound assisted sulfate radical oxidation treatment, the organic components were oxidized and decomposed partially, and bound water was released and transformed to free water. Subsequently, the sludge dewaterability was improved effectively.
Conclusions
The dewatering of drilling sludge by treatment with ultrasound assisted sulfate radical oxidation was investigated in this research. Furthermore, the physical and chemical properties of the sludge before and aer the treatment were examined to analyze the mechanisms. The main conclusions are as follows:
(1) Combining ultrasound with sulfate radical oxidation could further enhance the sludge dewaterability and reduce reaction time compared to individual sulfate radical oxidation method. The treatment with sodium persulfate of 1.6%, ferrous sulfate of 0.8%, ultrasonic power of 40 W and reaction time of 45 min were determined to be the optimal operating conditions in terms of water content and SRF. In addition, the combined method was able to promote the hydrolysis of organic substances in the sludge, resulting in the decrease of volatile suspended solids and increase of transmittance.
(2) The improvement of sludge dewaterability depended on the disintegration of its ocs, and the cleavage of linkages in polymeric backbone could release the bound water. Aer ultrasound assisted sulfate radical oxidation, the junctions between ocs collapsed, promoting the trapped water transform to free water. Most of plate like structures disappeared from the surface of ocs, and the remaining rigid lattice structure could form unblocked outow channels for water release during the ltration. Besides, the disintegration of sludge ocs was conrmed by the decrease of particle size aer the treatment. Although organic matter in the sludge was not completely decomposed, ultrasound assisted sulfate radical oxidation could efficiently enhance the dewaterability by the means mentioned above.
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